Top quark mass, spin and decay properties by Suruliz, Kerim
Proceedings of the Fifth Annual LHCP
ATL-PHYS-PROC-2017-101
October 17, 2018
Top quark mass, spin and decay properties
Kerim Suruliz
On behalf of the ATLAS and CMS collaborations,
Department of Physics and Astronomy
University of Sussex, Brighton, BN1 9RH, United Kingdom
ABSTRACT
I review recent results from the ATLAS and CMS collaborations on the
measurements of the top quark mass, its spin and decay properties.
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1 Introduction
Measurements of the properties of the top quark are a crucial part of the LHC physics programme. Top
quark pairs are produced at the 13 TeV LHC with a cross section of around 0.8 nb, implying that almost 30
million top quark pair events were produced thus far in the 13 TeV run of the LHC.
Such a large data sample presents an excellent opportunity for precision studies of the properties of the
top quark. These studies are well motivated by a number of theoretical arguments. The top quark mass
is a key parameter in global fits of electroweak observables, which are an important self-consistency test
of the Standard Model. Knowing the top quark mass precisely in turn makes these self-consistency tests
more stringent. The coupling between the top quark and the Higgs boson is a leading source of quantum
corrections to the Higgs potential, which determines the (meta-)stability of the Universe we live in. The top
quark has a width larger than the characteristic energy scale of quantum chromodynamics (QCD), which
means that it decays before it hadronises. Therefore, unlike the case of other quark flavours, there is no
bound state of top quarks (“toponium”), and studying the top quark gives us insight into the behaviour of
a bare quark.
In this article I will review recent measurements from the ATLAS [1] and CMS [2] collaborations con-
cerning the spin, decay properties and mass of the top quark.
2 Top quark spin
Since the initial state quarks and gluons are unpolarised in pp→ tt production, top quarks are also produced
unpolarised at the LHC ∗. However, QCD predicts that there is a small correlation between the spins of the
top and the anti-top in tt events. Measurements of spin correlation in tt events by the ATLAS and CMS
collaborations (see e.g. [3, 4]) provide direct evidence that the top quark does not hadronise before decaying.
In a recent measurement [5], ATLAS went one step further and measured the spin part of the amplitude
for tt production at the LHC. The normalised double-differential cross section for tt production at the LHC
can be written as:
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Here θa± (a = 1, 2, 3) are angles between decay products (taken to be leptons in this measurement) of the
top and anti-top and suitably chosen axes, in the rest frame of the top or anti-top. Ba± are polarisation
coefficients, and are predicted to be close to zero, while C(a, b) are spin correlation coefficients. Previously,
a single spin correlation coefficient along one axis - the so called helicity axis - was measured.
The measurement, whose objective is to extract all 15 coefficients Ba± and C(a, b), is performed in the
dilepton channel using 8 TeV data collected by ATLAS. In order to measure the angles θa±(a = 1, 2, 3), the tt
system is reconstructed using the neutrino weighting technique introduced in Ref. [6]. A Bayesian method is
used to unfold the reconstructed distributions to the parton and particle level where results may be directly
compared with the Standard Model prediction. An example of the reconstructed distributions and extracted
spin correlation coefficients is shown in Figure 1. No significant deviations from the theoretical expectations
are found. As is the the case for most measurements reviewed here, the signal modelling uncertainties
typically form the leading contribution to the total uncertainty in the measurement.
3 Top quark decays
The standard model predicts that the top quark decays almost exclusively to a W boson and the b-quark,
as dictated by the structure of the CKM matrix. The Wtb vertex is of V-A type in the Standard Model;
its structure sets the relative fractions of polarisations of W bosons arising from top quark decays. Any
observed deviation from these fractions would indicate that the Wtb vertex is modified by contributions
from physics beyond the Standard Model (BSM).
∗Apart from < 1% contributions to the polarisations arising from absorptive parts of the scattering amplitudes.
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Figure 1: (left) Distributions of cos θ+ with respect to the helicity axis (k) in data and simulation. (right)
The measured values of (a subset of) the spin correlations for the parton-level measurement, compared to
the predictions from the Standard Model. The figures are taken from Ref. [5].
In the W boson rest frame, the normalised differential cross section of an analyser is given by:
1
σ
dσ
d cos θ∗
=
3
4
(1− cos2 θ∗)F0 + 3
8
(1− cos θ∗)2FL + 3
8
(1 + cos θ∗)2FR, (2)
where θ∗ is the angle between the analyser and the reversed direction of flight of the b-quark from the top
quark decay in the W boson rest frame. F0, FL and FR are the polarisation fractions.
ATLAS presented a measurement of the W polarisation fractions in Ref. [7] using the full 8 TeV dataset.
The measurement is performed in the l+jets channel. The tt system is reconstructed using a kinematic
likelihood method, and two different analysers are explored: the charged lepton from the leptonically decaying
W boson and the d-quark of the hadronically decaying W boson. Due to the difficulties in identifying the
d-type quark with sufficiently high efficiency and the larger sensitivity of the hadronic analyser measurement
to modelling uncertainties, the measurement using the leptonic analyser is found to have significantly better
sensitivity.
The W polarisation fractions are extracted from the measured cos θ∗ distribution using a template
method. The good agreement between the measured distribution and the expectations are shown in Fig-
ure 2. The figure also shows the templates for the different polarisation fractions for the leptonic analyser.
The measured fractions are found to be in agreement with the Standard Model predictions; limits are set
on anomalous couplings that parametrise generic modifications of the Wtb vertex. The measurement is
dominated by systematic uncertainties, in particular the jet energy scale and resolution. CMS also measured
the W polarisation fractions in the lepton+jets channel with the 8 TeV dataset [8], with similar precison.
The Standard Model predicts negligible CP violation in the top quark sector. However, baryogenesis
requires sources of CP violation beyond the SM, and many extensions of the SM also predict new CP
violating phases in the top quark sector. CMS has sought for signals of such new sources of CP violation,
using tt events in the lepton+jets channel in the full 8 TeV dataset [9].
This measurement uses observables of the form Oi ≡ ~v1 · (~v2 × ~v3), where ~vi are 3-vectors formed from
reconstructed final state particle momenta, in the appropriate frame. Such triple products are CP-odd and
therefore sensitive to possible CP violation effects. The asymmetry
ACP (Oi) =
Nevents(Oi > 0)−Nevents(Oi < 0)
Nevents(Oi > 0) +Nevents(Oi < 0)
(3)
is measured, and a significant difference from zero in the obtained result would indicate the presence of CP
violation.
Four different observables are considered, constructed from the momenta of the three-momenta of the
b, b, l, and non-b quark jet (j1) originating from the hadronically decayingW boson with the highest transverse
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Figure 2: (left) The reconstructed cos θ∗ distribution in data compared to the expectation from simulated
signal and background. (right) Templates of the cos θ∗ distribution for the different polarisation fractions,
for the leptonic analyser. The figures are taken from Ref. [7].
momentum. A χ2 procedure is used to reconstruct the tt system, and the charge of the lepton is used to
differentiate between the b and b jets.
The signal and background yields are obtained from a fit to the Mlb distribution, where b denotes the
b-jet from the semileptonically decaying top quark. The shape of the background distribution is obtained
from a control region which is similar to the signal region, but requiring no b-tagged jets. The asymmetry
in the background, which is dominated by W+jets events, is found to be consistent with zero in the control
region.
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Figure 3: (left) Distribution of one of the CPV observables considered, O2 ≡ (~pb + ~pb) · (~pl × ~pj1), compared
to simulated signal and background normalised to event yields obtained by performing the fit to Mlb. (right)
The measured asymmetries for all observables considered. The figures are taken from Ref. [9].
The asymmetries for all the observables considered are found to be consistent with zero, as shown in
Figure 3. The dominant uncertainty arises from the limited statistics in the control region, which is used to
estimate the potential bias in the asymmetry arising from the background.
Another measurement of CP violation in tt events was presented by the ATLAS collaboration in Ref. [10].
Rather than searching for CP violation in the top quark sector itself, this measurement uses the fact that b
quarks and hence b-hadrons are copiously produced in top quark decays via t → Wb, and that the charge
of the b-hadrons at production can be determined by reconstructing the tt system. This, combined with
the use of a soft muon tagger (SMT) to determine the charge of the b-hadron at decay, renders possible the
measurement of CP violation in b-hadrons using tt events.
The measurement is performed in the l+jets channel and uses a kinematic likelihood to reconstruct the
3
tt system. Similarly to the CMS measurement of CP violation described earlier, the charge of the lepton
is used to differentiate between the b and b jets. At least one of the b-jets is required to be tagged by the
soft muon tagger, which requires the presence of a muon close to the jet. The charge of the muon is used to
determine the charge of the b-hadron at decay. Asymmetry observables are constructed based on the number
of observed events with either charge of the SMT muon and the lepton from W boson decay.
The measured asymmetries are found to be compatible with zero. The dominant uncertainties are
statistical, and this measurement will benefit significantly from the larger dataset available in the
√
s = 13
TeV run of the LHC. To compare with theoretical expectations, the results are unfolded to particle level in
a fiducial region. Limits are set on the sizes of CP violation parameters, in some cases improving on the
current state of the art limits coming from B-factories.
4 Top quark mass
The top quark mass is measured in a variety of ways at the LHC experiments. Broadly speaking, the mea-
surements can be classified into one of three categories: (i) direct measurements in tt events; (ii) alternative
methods (such as using single top quark events or events with top quarks decaying to b-jets containing J/ψ’s)
and (iii) measurements of the pole mass of the top quark using the tt cross section or tt+1 jet events.
Direct measurements of the top quark mass in tt events have been carried out in the dilepton, l+jets and
all-hadronic channels. They typically rely on the template method, with templates obtained from Monte
Carlo simulation, to extract the top quark mass. This raises questions about the relationship of the measured
quantitity to the physical parameter of interest, the top quark pole mass†.
In Ref. [11] ATLAS reported a measurement of the top quark mass in the all-hadronic channel. This
is a challenging measurement, with a large combinatorial background as well as a background from QCD
multijet production.
The tt final state is reconstructed using a χ2 procedure. In order to minimise the impact of the jet energy
scale uncertainty, the key observable used in the measurement is the ratio R3/2 ≡ mjjj/mjj , where mjjj
is the reconstructed mass of a top quark, and mjj is the reconstructed mass of the associated W -boson.
The top quark mass is extracted by performing a template fit to the observed R3/2 distribution, whose
dependence on the top quark mass is indicated in Figure 4. The template of the multijet QCD background
is obtained in a data-driven way from a control sample. Excellent agreement is observed between data and
the estimated background in the R3/2 distribution, as shown in Figure 4. The extracted value of the top
quark mass is mTop = 173.72 ± 0.55 (stat.) ± 1.01 (syst.). The dominant systematic uncertainties are found
to be the jet energy scale and hadronisation modelling.
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Figure 4: (left) R3/2 distribution in data compared to the sum of tt simulation and the data-driven multi-jet
background. (right) Sensitivity of the R3/2 distribution to the value of the top quark mass. The figures are
taken from Ref. [11].
†Interesting recent developments in addressing this issue were presented by J. Lindert and M. Preisser at this conference.
4
It is hoped that measurements of the top quark mass in non-standard topologies might provide a com-
plementary source of information, ultimately resulting in reduced uncertainties when performing statistical
combinations with other methods. To this end, CMS recently performed a measurement of the top quark
mass in boosted topologies [12].
The measurement is performed in the lepton+jets channel using the full 8 TeV dataset collected by CMS.
Highly boosted, hadronically decaying top quarks are reconstructed using the Cambridge-Aachen clustering
algorithm with a distance parameter R = 1.2. One additional small radius (R = 0.5, reconstructed with
the anti-kT algorithm) jet from the semileptonically decaying top is also required. A veto is imposed on
additional jet activity to ensure that the hadronically decaying top quark is fully merged into one jet.
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Figure 5: (left) Distribution of the leading jet invariant mass in data and simulation, for jets with pT >
500 GeV. (right) the normalised particle level differential tt cross section compared to predictions from
Madgraph+Pythia8 samples with varying mt. The figures are taken from Ref. [12].
The analysis proceeds by reconstructing the mjet distribution of the hadronically decaying top quark,
whose peak position is sensitive to mt. Figure 5 shows the excellent agreement between data and simulation
seen for the mjet distribution. The distribution is unfolded to particle level and the top quark mass is
extracted by comparing the unfolded distribution to predictions from MadGraph+Pythia8 Monte Carlo
samples with varying mt, as shown in Figure 5. The extracted value is mt = 170.8± 6.0 (stat) ±2.8 (syst)
±4.6 (model) ±2.8 (theo) GeV. The significant statistical uncertainty will decrease with the larger dataset
of the
√
s = 13 TeV run of the LHC; the primary challenge for future improvements will be reducing the tt
modelling uncertainties as well as the uncertainties from the jet mass and energy scale.
In another recent publication [13], the CMS collaboration measured the top quark mass in the dilepton
channel, using the full 8 TeV dataset. Here the key observables used are M bbT2 [14] and the invariant mass Mbl
of a b-jet and lepton arising from a semileptonically decaying top quark. Distributions of both observables
are expected to exhibit endpoints whose positions depend on the value of mt. Since both variables only
use b-tagged jets, the measurement is expected to be sensitive only to the overall jet energy scale, unlike
conventional methods in the lepton+jets channel that are sensitive to flavour dependent uncertainties. In
addition, since the number of jets used in the two observables is different, the observables exhibit a different
dependence on the jet energy scale. Therefore, fitting them at the same time makes possible the simultaneous
extraction of the top quark mass and the overall jet energy scale factor (JSF).
The top quark mass is extracted using an unbinned maximum likelihood fit, together with the JSF. A
Gaussian process regression technique is used to obtain smooth, non-parametric distribution shapes of the
observables as functions of mt and the JSF.
The good agreement between data and expectation in the M bbT2 and Mbl distributions is shown in Figure 6.
Various fit options are explored, including the use of a one-dimensional fit in which the JSF is fixed to unity,
and using in place of Mbl the Mblν observable with the neutrino is reconstructed by the MT2-assisted on-
shell (MAOS) reconstruction technique [15]. The results obtained from the various methods considered
are also shown in Figure 6. The most precise measurement of the top quark mass is obtained from a
linear combination (“hybrid fit”) of the one-dimensional (where the top quark mass is fitted and the JSF is
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Figure 6: (left) The Mbl distribution in data and simulation (with m
MC
t = 172.5 GeV); (centre) the M
bb
T2
distribution in data and simulation; (right) the top quark mass obtained using different fitting strategies.
The figures are taken from Ref. [13].
constrained to unity) and two-dimensional fits (where both the top quark mass and the JSF are fitted) and is
found to be mt = 172.22± 0.18 (stat) +0.89−0.93 (syst) GeV. The total uncertainty is dominated by uncertainties
in modelling, the jet energy scale and b-quark fragmentation.
All the measurements discussed above use tt events. In Ref. [16], CMS reported the first measurement of
the top quark mass using single top events. This is well motivated by the fact that tt modelling uncertainties
tend to form a large fraction of the total uncertainty on measured mt in tt events. By measuring the mass in
single top quark events, where the modelling uncertainties are expected to be partly uncorrelated with the
ones in tt events, it is hoped that a more precise measurement can be obtained in a statistical combination
of the two approaches.
The measurement uses t-channel single top events in the 8 TeV dataset collected by CMS. The analysis
is performed in the µ+jets channel, selecting events with one b-tagged jet and one forward (|η| > 2.5) jet,
characteristic of t-channel single top production. The top quark candidate is reconstructed from the b-tagged
jet, the muon candidate and the neutrino, whose momentum is obtained by using the missing transverse
momentum and the W mass constraint.
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Figure 7: (left) The reconstructed mµνb distribution in data and simulated Monte Carlo events. (right)
Result of the fit to data, with the top quark and non-top-quark components shown separately. The figures
are taken from Ref. [16].
The top quark mass is extracted using an extended unbinned maximum likelihood fit to the mµνb distri-
bution. The shapes of the mµνb distribution for signal and background events is extracted from Monte Carlo
simulation and modelled by appropriate functions: Crystal Ball for processes containing top quarks and a
6
Novosibirsk function for all other processes. Figure 7 shows the reconstructed mµνb distribution in data and
simulated background and signal events, as well as the result of the fit. The value mt = 172.95± 0.77 (stat)
+0.97
−0.93 (syst) GeV is obtained from the fit. The largest uncertainties are found to be the jet energy scale and
background modelling uncertainties.
While all measurements reviewed here use the 8 TeV ATLAS and CMS datasets, CMS recently also
reported the first preliminary result [17] using data collected in 2015 at the centre of mass energy of
√
s = 13
TeV. This analysis is performed in the muon+jets channel and uses the same method as that of the currently
most precise individual measurement of the top quark mass (mt = 172.35±0.51 GeV, reported in Ref. [18]).
The measured value of the top quark mass, 172.62±0.38 (stat.+JSF)± 0.70 (syst.) GeV, is consistent with the
8 TeV result, and is still in some tension with the most precise result from the Tevatron, mt = 174.98± 0.76
GeV.
5 Conclusions
The last year has seen major progress in measurements of the properties of the top quark at the LHC
experiments. The top quark polarisation and spin correlations have been measured to percent-level accuracy.
The polarisations of W bosons from top quark decays have also been measured with a similar precision, and
strong constraints have been imposed on possible modifications of the Wtb vertex. Signals of CP violation
have been sought for in top quark production and decay and also in b-hadrons arising from top quark decays.
The top quark mass has also recently been measured in a variety of final states and topologies, including
all-hadronic tt decays, boosted top quark topologies and t−channel single top production.
Many interesting developments are expected in the near future. Some of the measurements reviewed here
- the search for CP violation in tt events and the mass measurement in boosted jet topologies are statistically
limited and will benefit from the large integrated luminosity of the 13 TeV dataset. An update of the ATLAS
measurement in the lepton+jets channel using the full 8 TeV dataset is expected. Combinations of the top
quark mass measurements using “traditional” methods with measurements in novel topologies will further
reduce the uncertainty in mt. In the longer term, an important challenge will be reducing the impact of
modelling uncertainties using new Monte Carlo techniques and experimental strategies.
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